The nuclear envelope (NE) LINC complex, in mammals comprised of SUN domain and nesprin proteins, provides a direct connection between the nuclear lamina and the cytoskeleton, which contributes to nuclear positioning and cellular rigidity. SUN1 and SUN2 interact with lamin A, but lamin A is only required for NE localization of SUN2, and it remains unclear how SUN1 is anchored. Here, we identify emerin and short nesprin-2 isoforms as novel nucleoplasmic binding partners of SUN1/2. These have overlapping binding sites distinct from the lamin A binding site. However, we demonstrate that tight association of SUN1 with the nuclear lamina depends upon a short motif within residues 209 -228, a region that does not interact significantly with known SUN1 binding partners. Moreover, SUN1 localizes correctly in cells lacking emerin. Importantly then, the major determinant of SUN1 NE localization has yet to be identified. We further find that a subset of lamin A mutations, associated with laminopathies Emery-Dreifuss muscular dystrophy (EDMD) and Hutchinson-Gilford progeria syndrome (HGPS), disrupt lamin A interaction with SUN1 and SUN2. Despite this, NE localization of SUN1 and SUN2 is not impaired in cell lines from either class of patients. Intriguingly, SUN1 expression at the NE is instead enhanced in a significant proportion of HGPS but not EDMD cells and strongly correlates with pre-lamin A accumulation due to preferential interaction of SUN1 with pre-lamin A.
The nuclear envelope (NE) LINC complex, in mammals comprised of SUN domain and nesprin proteins, provides a direct connection between the nuclear lamina and the cytoskeleton, which contributes to nuclear positioning and cellular rigidity. SUN1 and SUN2 interact with lamin A, but lamin A is only required for NE localization of SUN2, and it remains unclear how SUN1 is anchored. Here, we identify emerin and short nesprin-2 isoforms as novel nucleoplasmic binding partners of SUN1/2. These have overlapping binding sites distinct from the lamin A binding site. However, we demonstrate that tight association of SUN1 with the nuclear lamina depends upon a short motif within residues 209 -228, a region that does not interact significantly with known SUN1 binding partners. Moreover, SUN1 localizes correctly in cells lacking emerin. Importantly then, the major determinant of SUN1 NE localization has yet to be identified. We further find that a subset of lamin A mutations, associated with laminopathies Emery-Dreifuss muscular dystrophy (EDMD) and Hutchinson-Gilford progeria syndrome (HGPS), disrupt lamin A interaction with SUN1 and SUN2. Despite this, NE localization of SUN1 and SUN2 is not impaired in cell lines from either class of patients. Intriguingly, SUN1 expression at the NE is instead enhanced in a significant proportion of HGPS but not EDMD cells and strongly correlates with pre-lamin A accumulation due to preferential interaction of SUN1 with pre-lamin A. We propose that these different perturbations in lamin A-SUN protein interactions may underlie the opposing effects of EDMD and HGPS mutations on nuclear and cellular mechanics.
SUN domain-containing proteins are an evolutionarily conserved family of proteins that share a conserved C-terminal SUN domain (1) . Mammalian SUN1 and SUN2 are inner nuclear membrane (INM) 2 proteins that play a major role in nuclear-cytoplasmic connection by formation of a "bridge" across the nuclear envelope (NE), known as the LINC complex (for review, see Ref. 2) , via interaction with the conserved lumenal KASH domain of nesprins located in the outer nuclear membrane (ONM) (3) (4) (5) . Whereas SUN proteins interact with the nuclear lamina component, lamin A, on the nucleoplasmic face of the NE, nesprins and their homologues in lower eukaryotes interact directly with components of the cytoskeleton via their cytoplasmic N terminus (6 -10) . Thus, the LINC complex provides a direct connection between the nucleoskeleton and cytoskeleton, which is believed to contribute to cellular rigidity (11, 12) and nuclear positioning (13, 14) .
The genes encoding nesprin-1 and nesprin-2 are each composed of more than 100 exons, which undergo extensive alternative splicing to generate multiple isoforms that vary enormously in size (15) (16) (17) (18) . Giant nesprin-1 and nesprin-2 isoforms localize to the ONM where they mediate connection with the actin cytoskeleton via an N-terminal actin binding domain. On the other hand, shorter isoforms such as nesprin-1␣ and nesprin-2␣ are thought to be located primarily on the nucleoplasmic face of the INM. Isoforms lacking the KASH domain, such as nesprin-2␣⌬TM, may also reside within the nucleoplasm. In support of their INM localization, nesprin-1␣ and nesprin-2␣ both interact with lamin A/C and the INM protein emerin (19, 20) .
Several nuclear envelope proteins are associated with human inherited disease. The most prominent examples are lamins A and C, encoded by the LMNA gene, which are mutated in a range of disorders, termed laminopathies (for review, see Ref. 21) . Laminopathies encompass apparently disparate phenotypes that primarily affect tissues of mesenchymal origin. Among these diseases are the fat-wasting disorder, familial partial lipodystrophy, Emery-Dreifuss muscular dystrophy (EDMD), and the devastating premature aging disorder Hutchinson-Gilford progeria syndrome (HGPS).
EDMD is also linked to mutations in the STA gene (encoding emerin) and the SYNE-1 and SYNE-2 genes (encoding nesprin-1 and nesprin-2, respectively) (22, 23) . The fact that these proteins all interact with each other supports a common disease mechanism, which is likely to be related to weakening of the nucleoskeleton and its links with the cytoskeleton (12, 24 -26) . On the other hand, HGPS and related progeroid phenotypes can also be caused by mutations in the ZMPSTE24 gene, which encodes an enzyme involved in the proteolytic processing of pre-lamin A (27) (28) (29) (30) . Findings from several studies suggest that it is persistence of a lamin A processing intermediate in HGPS that has a dominant-negative effect on nuclear structure and functions (for review, see Ref. 31) , the most noticeable defect being aberrant nuclear morphology (32) .
In addition to their role in nucleo-cytoskeletal connections, mammalian SUN proteins have more recently been implicated in chromatin binding and are reported to anchor telomeres at the nuclear periphery during meiosis (33) (34) (35) (36) . The importance of this tethering is indicated by the finding that SUN1 knockout mice are infertile due to an inability to complete meiosis (36) . Similar findings have also been made in yeast (37) (38) (39) (40) . SUN proteins are, thus, likely to play important roles in nuclear architecture and chromatin dynamics.
Although the luminal C termini of SUN1 and SUN2 are highly conserved, the nucleoplasmic N termini are more divergent, and the SUN1 NTD is significantly larger than that of SUN2. RNAi studies have revealed that there is redundancy in SUN1/2 function with respect to anchoring of nesprins at the ONM, but other studies suggest that they also have distinct properties (3, 4) . Both SUN1 and SUN2 have been shown to interact with lamin A, yet SUN1 remains localized at the NE in the absence of lamin A/C, whereas SUN2 largely does not. In addition, exogenously expressed SUN1 constructs can displace SUN2 from the NE, whereas the reverse is not true, suggesting that INM binding sites for SUN2 are more easily saturated than those for SUN1 (3) . Together, this information indicates that SUN1 has additional nuclear binding partners, whereas SUN2 is dependent on the presence of lamin A. Here we have examined the mechanism by which SUN proteins are anchored at the NE in mammalian cells. We identify emerin and short nesprin-2 isoforms as novel binding partners of both SUN1 and SUN2. Furthermore, we find that SUN protein interactions are perturbed in EDMD and HGPS, suggesting that SUN1 and SUN2 play a role in the pathophysiology of these diseases.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-pCI-mSUN1, pCMVTag3-mSUN1-(355-913), pCDNA3-emerin, pEGFP-nesprin-2, and pCI-LMNA mammalian expression constructs have been described previously (4, 18, 41, 42) . The mouse SUN2 cDNA (mSUN2⌬30) was expressed from IMAGE clone 4951799. pCMVTag3-hSUN2 was generated by excision of the insert from pCDNA3.1 TOP/V5-His (43) . pCI-LMNA mutants were generated by sitedirected mutagenesis using the QuikChange (Stratagene) or Genetailor (Invitrogen) site-directed mutagenesis kits. Additional pCMVTag3-mSUN1 deletion constructs were generated by PCR amplification of the relevant region of the cDNA using pCI-mSUN1 as template followed by ligation into the EcoRI and SalI sites of pCMVTag3B. SUN1-integrin ␤1 chimeric constructs were then generated by ligation of PCR-amplified integrin ␤1 cDNA, corresponding to residues 726 -798, into the SalI and ApaI sites of the relevant pCMVTag3-mSUN1 plasmids. MBP-fused pMAL-SUN1-(1-355) and GST-fused emerin-(1-221) bacterial expression plasmids have been described previously (4) . GST-fused mSUN1 and mSUN2 constructs were generated by PCR amplification of the relevant regions using pCI-mSUN1 and IMAGE clone 6827666 as templates, respectively, and ligation into the EcoRI and SalI sites of pGEX-4T3.
pTnT-nesprin-2␤⌬TM was generated by reverse transcription-PCR amplification from human cDNA using the primers 5Ј-GTGAACTCATATGGCCATGGAGCGGCGCATGGA-AAT-3Ј and 5Ј-AGATCTATGGATCCCGCTGTGGCCGT-GTGCTGCC-3Ј. These primers incorporated an NdeI site at the first methionine and a BamHI-stop-BglII restriction site at the 3Ј end of the cDNA, allowing both C-and N-terminal histidine tagging at a later stage. The amplicon was "A-tailed" and cloned into pGEM-T Easy (Invitrogen), and the insert was verified by sequencing. To clone the nesprin-2␤ cDNA into the pTnT vector (Promega), the gene was amplified from pGEM-T Easy-Nesprin-2␤⌬TM using 5Ј-GGTACCGCCGCCACCAT-GGCCATGGAGCGGCGCAT-3Ј and an SP6 primer. The product was then cloned into the KpnI-NotI sites in pTnT.
Antibodies-AP8 emerin and mouse SUN1 affinity-purified polyclonal rabbit antibodies have been described previously (4, 41) . Rabbit anti-lamin A/C (3262) and rabbit anti-emerin (44) antibodies were kindly provided by E. Schirmer (University of Edinburgh, Edinburgh, Scotland, UK) and G. Morris (Center for Inherited Neuromuscular Disease, Oswestry, UK), respectively. Sheep emerin antibodies and Myc-tag antibodies were obtained from ImmuQuest and Zymed Laboratories Inc., respectively. Mouse monoclonal ␣-tubulin and ␤-actin antibodies were obtained from Sigma. Hemagglutinin tag, goat lamin A/C (6215), and pre-lamin A (6214) antibodies were purchased from Santa Cruz Biotechnologies. GFP antibodies were obtained from Abcam.
Human SUN1 (2379) antibodies were generated by immunization of rabbits with an MBP-hSUN1 C-terminal domain fusion protein (residues 352-812 of the 812 residue isoform). Human SUN2 (2853) antibodies and mouse SUN2 (2294) antibodies were generated by immunization of rabbits with a peptide corresponding to residues 1-18 of human or mouse SUN2, respectively. Immunizations were performed by Cambridge Research Biochemicals. The 2379 and 2853 antibodies were affinity-purified using Affi-Gel 15 columns (Bio-Rad).
In Vitro Pulldown Assays-Pulldown assays were performed as described previously (4) . For determining the effects of lamin A and emerin mutations on interactions with SUN1/2, pulldown assays were quantified by densitometry using Image J (National Institutes of Health), and values were normalized against the 10% input lane. Results for mutants were expressed as a percentage of the wild-type value, and the average Ϯ S.E. for 3-4 experiments was calculated. Statistical significance was determined using a Student's t test.
Cell Culture and Transfections-HGPS fibroblasts carrying the G608G mutation (AG11513B) were obtained from the Coriell Repository, whereas those with the T623S mutation were provided by Louise Wilson (Great Ormond Street Hospital, London). Skin fibroblasts from EDMD patients were supplied by Manfred Wehnert (Institute for Human Genetics, Greifswald, Germany). NIH 3T3, U2OS, control human foreskin fibroblasts, and the patient skin fibroblast cells were all grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics (Invitrogen). Human fibroblasts were used between passages 9 and 12. All transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Cells transfected with plasmids were incubated for 24 -48 h post-transfection. siRNA-transfected cells were incubated for 48 h before analysis. Mouse SUN1 SMARTpool siRNAs and human and mouse lamin A/C control siRNAs were purchased from Dharmacon. A mouse SUN2 stealth siRNA (5Ј-CATACCAAGTTGT-GGAGCTTCGGAT-3Ј) was purchased from Invitrogen.
Immunoprecipitation and Immunoblotting-For immunoprecipitation studies, 10-cm plates of NIH 3T3 or U2OS cells transfected with the appropriate Myc-tagged SUN1 or SUN2 and/or GFP-tagged nesprin constructs were lysed and immunoprecipitated as described previously (4) using emerin (AP8), hemagglutinin (for controls samples), or GFP antibodies. 5% of the initial lysate was retained for immunoblot analysis.
For immunoblotting, total cell lysates were prepared from RNAi-treated NIH 3T3 cells and from skin fibroblasts. All samples were boiled in an equal volume of Laemmli buffer and subjected to gel electrophoresis followed by semidry transfer onto nitrocellulose membrane. Membranes were probed using the appropriate primary antibodies and dilutions: Myc (1:500), GFP (1:6000), mSUN1 (1:500), mSUN2 (1:1000), hSUN1 (1:500), hSUN2 (1:200), lamin A/C (1:1000), pre-lamin A (1:100), and actin (1:10,000). Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (Sigma), and visualization was performed using ECL reagents (Geneflow).
Immunofluorescence Microscopy-Cells grown on coverslips were either fixed directly in methanol at Ϫ20°C or, for Triton X-100 pre-extraction experiments, were first incubated on ice for 5 min with 0.5% Triton X-100. Alternatively, for digitonin permeabilization studies, cells were fixed in 4% paraformaldehyde for 30 min, then permeabilized with either 0.5% Triton X-100 for 5 min on ice or with 40 g/ml digitonin for 4 min on ice. Samples were then processed for immunofluorescence microscopy as previously described (4) using Myc (1:500), rabbit lamin A/C (1:1000), goat lamin A/C (1:200), mSUN1 (SSHR1/0545; 1:150), mSUN2 (2294; 1:500), hSUN1 (2379; 1:150), hSUN2 (2853; 1:500), rabbit emerin (1:800; (44)), sheep emerin (1:50), and pre-lamin A (1:100) antibodies. Primary antibodies were detected using donkey Alex-aFluor 488 and 594 secondary antibodies (1:500; Invitrogen) raised against the appropriate species, and DNA was stained with 4Ј,6diamidino-2-phenylindole. Quantification of pre-lamin A and either SUN1 or SUN2 intensity was performed using an Olympus ScanR microscope with a 20ϫ objective. Approximately 1000 nuclei were selected at random by their 4Ј,6-diamidino-2phenylindole (DAPI) signal, and the intensity of pre-lamin A (594 nm) and SUN1 or SUN2 (488 nm) was measured within the DAPI-stained region.
RESULTS
Emerin Interacts with Both SUN1 and SUN2-In this study we set out to identify further SUN1-binding proteins and exam-ine their roles in anchoring SUN proteins at the NE. Because emerin interacts with both lamin A and short nesprin isoforms, we examined the possibility that it also interacts with SUN1 and SUN2 by immunoprecipitation. Because of the high insolubility of endogenous SUN proteins (4), NIH 3T3 cells were transiently transfected with plasmids encoding Myc-tagged mouse SUN1 (mSUN1) or human SUN2 (hSUN2). Emerin antibodies successfully co-precipitated SUN1 and SUN2, whereas control antibodies did not, indicating that emerin is capable of interaction with both SUN1 and SUN2 (Fig. 1A) . These interactions were confirmed by in vitro pulldown assays using a GSTemerin construct encoding only the nucleoplasmic N-terminal domain (NTD) of the protein (residues 1-221 of the 254 amino acid protein; Fig. 1B ), suggesting that the interaction involves the nucleoplasmic domains of both proteins.
A proportion of emerin has been reported to localize to the ONM, with its NTD projecting into the cytosol, where it may play a role in centrosome attachment to the NE (45) . We, therefore, wished to rule out the possibility that the SUN-emerin interaction occurs at the ONM. Several studies have previously reported the absence of the SUN1 N terminus from the outer face of the NE (3, 4, 17) . To determine whether SUN2 is present at the ONM, we first raised rabbit polyclonal antibodies against the N terminus of mouse SUN2 (see the supplemental figure). These were then used to detect the SUN2 NTD in NIH 3T3 cells treated with digitonin on ice for 4 min. Co-staining with ␣-tubulin antibodies confirmed that the plasma membrane had been permeabilized under these conditions (Fig. 1C ). In contrast, although significant background cytoplasmic staining was obtained with the mSUN2 antibody after paraformaldehyde fixation, it could clearly be seen that there was no specific staining of the nuclear envelope. This result indicates that, like SUN1, SUN2 is absent from the ONM and strongly suggests that the SUN-emerin interactions occur at the INM.
The SUN1 binding site for emerin was then mapped by in vitro pulldown assays using MBP-or GST-fused SUN1 deletion constructs to pull down in vitro translated full-length emerin (Fig. 1 , D and E). Initially, we determined that the nucleoplasmic NTD of SUN1 (residues 1-355) is indeed responsible for interaction with emerin, whereas the lumenal C-terminal domain (residues 450 -913) does not bind emerin. Further mapping revealed a major emerin binding site at the distal end of the SUN1 NTD (residues 223-302), although a weak interaction was also observed with the proximal end (residues 1-208).
Unexpectedly, alignment of the mouse SUN1 and SUN2 sequences revealed that the region homologous to the emerin binding site of SUN1 is absent from the shorter SUN2 NTD (Fig. 1F, boxed region) . In keeping with this, we detected only a very low level of interaction between emerin and a GST fusion of the mouse SUN2 NTD (residues 1-174 of the 729 amino acid protein; Fig. 1G ). Therefore, although SUN1 and SUN2 are both capable of interaction with emerin, they may have different modes of interaction.
Nesprin-2 Interacts with Both the Nucleoplasmic and Lumenal Domains of SUN1-Similar studies were performed to determine whether SUN1 and SUN2 interact with the short, nucleoplasmic-facing nesprin-2 isoforms. In addition to their documented interaction with the lumenal KASH domain of nesprin-2 (3-5, 12), Myc-mSUN1 and Myc-hSUN2 exhibited strong binding to the nucleoplasmic domain of nesprin-2␣ (nesprin-2␣⌬TM; Fig. 2, A and B) . Mapping of the binding site on SUN1 by in vitro pulldown assay, this time using the slightly longer nesprin-2␤⌬TM isoform, revealed that the nesprin-2␤ nucleoplasmic domain has a similar binding pattern to that of emerin, with a major binding site within SUN1 residues 209 -302 ( Fig. 2C) . As for emerin, we were unable to detect an interaction between nesprin2␤⌬TM and GST-SUN2 NTD constructs by in vitro pulldown assays (data not shown).
Lamin A Binds to a Distinct Site at the Proximal End of SUN1 and SUN2-Because lamin A also binds to the NTD of SUN1 and SUN2 (3, 4) , we wished to determine whether its binding site overlaps with that of emerin and nesprin-2. In vitro pulldown studies mapped the lamin A binding site to residues 1-138 of SUN1 and 1-129 of SUN2 ( Fig. 3) . Thus, the lamin A binding site is distinct from that of emerin/nesprin-2.
SUN1 Residues 209 -228 Are Required for Tight Association with the Nucleoskeleton-We previously demonstrated that the NTD of SUN1 is required for its stable association with the nuclear lamina, as determined by resistance to detergent extraction (4). To investigate which sequences within the SUN1 NTD are responsible for this association and whether they correspond to binding sites for known interacting partners, we generated a series of Myc-tagged SUN1 mutants with sequential deletions from the N terminus (depicted in Fig. 4A ). Their ability to localize to the NE was determined by immunofluorescence microscopy before and after extraction with Triton X-100. In keeping with our previous studies, all deletion mutants were capable of some degree of NE localization under normal fixation conditions (Fig. 4B ). However, significant differences were observed in cells treated with Triton X-100 before fixation (Fig. 4C ). Similar to full-length SUN1, mutants SUN1-(170 -913), and SUN1-(209 -913) remained co-localized with lamin A/C at the NE after Triton X-100 pre-extraction, indicating that residues 1-208 are not important for this tight association A, U2OS cells were transiently transfected with Myc-tagged mSUN1 or hSUN1, and immunoprecipitations were performed using emerin AP8 or control hemagglutinin antibodies. Initial lysates and immunoprecipitates (IP) were immunoblotted with anti-Myc antibodies to detect the tagged SUN1 and SUN2 proteins. B, GST and GST-fused emerin (residues 1-221) were immobilized on glutathione beads and then incubated with 35 S-labeled, in vitro translated mSUN1 or hSUN2. Bound proteins were eluted with Laemmli buffer and separated by SDS-polyacrylamide gel electrophoresis. C, NIH 3T3 cells were fixed in paraformaldehyde and permeabilized with either Triton X-100 or digitonin, as indicated. The cells were co-stained with ␣-tubulin and anti-SUN2 (2294) antibodies. A lack of SUN2 staining in digitonin-treated cells indicates the absence of the SUN2 N terminus from the ONM. Scale bar, 10 m. D, schematic representation of full-length (FL) SUN1 and the deletion fragments used for mapping the emerin binding site. E, MBP and MBP-SUN1 fusions (left panels) or GST and GST-SUN1 fusions (right panels) were used to pull down 35 S-labeled, in vitro-translated full-length emerin. F, mouse SUN1 and SUN2 NTD sequences were aligned using Jalview. Dashes indicate residues that are absent from the sequence. The underlined sequence highlights the predicted membrane-spanning regions. The boxed area indicates the identified SUN1 minimal binding region for emerin, which is absent from SUN2. G, GST-fused SUN1 (residues 1-355) and SUN2 (residues 1-174) were used to pull down 35 with the nucleoskeleton. In contrast, SUN1-(229 -913) displayed similar behavior to SUN1-(355-913), which lacks the entire nucleoplasmic domain and was completely absent from Triton X-100pre-extracted cells. This result suggests that residues 209 -228 are responsible for the detergent-resistant association of SUN1 with the nucleoskeleton.
To confirm these findings, we generated a second series of deletion mutants comprising the SUN1 NTD with sequential deletions from the C terminus. Previous studies have shown that short fragments of the SUN1 NTD are not capable of membrane association (3). 3 We, therefore, fused the SUN1 NTD fragments to the integrin ␤1 transmembrane domain and C-terminal tail (IntTMC; depicted in Fig. 4A ) to ensure membrane association and to allow identification of sequences involved in INM retention. These fusion proteins were poorly expressed, possibly due to some misfolding. Yet, consistent with previous studies, SUN1-(1-355)IntTMC, encoding the entire SUN1 NTD, was targeted to the NE and was retained after Triton X-100 pre-extraction (Fig. 4, D and E) . SUN1-(1-229)IntTMC behaved in a similar manner, indicating that it contains the sequence motifs required for strong association with the nucleoskeleton. Conversely, SUN1-(1-208)IntTMC and SUN1-(1-170)IntTMC were poorly localized to the NE under normal fixation conditions and were entirely washed away from Triton pre-extracted cells.
Together, these results strongly suggest that residues 209 -228 are responsible for the tight association of SUN1 with the nucleoskeleton and may comprise a binding site for a further interacting partner. Interestingly, cells expressing SUN1-(1-355)IntTMC and SUN1(1-229)IntTMC also tended to have distorted nuclei, suggesting that the presence of the SUN1 C-terminal domain and, presumably, its interaction with nesprins are important for maintaining the ovoid nuclear morphology.
SUN Proteins and Emerin Do Not Rely upon Each Other for NE Localization-Having identified novel interactions between emerin and SUN proteins, we wished to explore the role of these interactions in determining NE localization of these proteins. Previous studies have shown that depletion of both SUN1 and SUN2 results in nesprin mislocalization from the NE, whereas lamins A and C are unaffected (3, 14) . Additionally, emerin mislocalizes from the NE in the absence of either lamin A/C or nesprin-2 (46, 47) . Conversely, the absence of emerin does not disrupt lamin A/C or nesprin-2 NE localization. To extend these observations, we took advantage of an emerin-null fibroblast cell line obtained from an X-linked EDMD patient carrying a 59-nucleotide deletion within the STA gene that encodes emerin (c.329 -388del (48)). We also raised antibodies against human SUN1 and SUN2 (see the supplemental figure) and used these for detection of the proteins by immunofluorescence microscopy. Despite the absence of emerin, both SUN1 and SUN2 were correctly localized at the NE in all cells (Fig.  5A) , demonstrating that they do not require emerin for localization to the NE. Identical results were obtained using a cell line from an X-EDMD patient carrying a different null mutation (⌬236 -241; data not shown).
To determine whether emerin requires SUN1 and SUN2 expression for its NE localization, we used siRNA oligos to deplete SUN1 and SUN2 both independently and in combination in NIH 3T3 cells and observed the effect on emerin subcellular localization. Knockdown of the proteins was initially confirmed by immunoblot blot (Fig. 5B ). Depletion of SUN1 or SUN2 alone had no effect on emerin localization (data not shown). Similarly, in cells depleted for both SUN1 and SUN2, emerin remained exclusively localized to the NE, in contrast to its relocalization to the cytoplasm in cells with a similar degree of lamin A/C knockdown (Fig. 5C ). Thus, SUN1 and SUN2 are not likely to be required for emerin localization to the NE. JANUARY 29, 2010 • VOLUME 285 • NUMBER 5
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EDMD-and HGPS-associated Lamin A and Emerin Mutations Perturb
Binding to SUN1 and SUN2-Having identified binding sites for lamin A, emerin, and nesprin-2 within SUN1 and SUN2, we were interested to find out whether diseaseassociated mutations in these proteins disrupt their interaction with the SUN proteins. Interactions of both SUN1 and SUN2 N termini with in vitro translated lamin A mutants were investigated by pulldown assays using MBP-SUN1-(1-355) and GST-SUN2-(1-224), respectively. As similar results were obtained for both proteins, only the results for SUN1 are shown. We initially tested a series of lamin A mutants associated with a range of laminopathy phenotypes, namely lipodystrophy (R482W), dilated cardiomyopathy (E203G and R60G), EDMD (L530P and R453W), Charcot-Marie-Tooth disorder (R298C), mandibuloacral dysplasia (R527H), and HGPS (G608G). We found that the L530P and G608G lamin A mutants, associated with EDMD and HGPS, respectively, exhibited dramatic reductions in their binding to SUN1 and SUN2 (Fig. 6A) . Quantification of the binding for 4 independent experiments revealed these reductions in binding to be highly statistically significant (p Ͻ 0.001; Fig. 6B ). In contrast, mutants associated with other laminopathy disease phenotypes had no significant effect on binding.
This result prompted us to test a wider range of EDMD-and progeria-associated lamin A mutants. Because the SUN1 binding site on lamin A has previously been mapped to the C-terminal domain (4), we tested only mutations that reside within this region, as these are the most likely to perturb the interaction between the two proteins. Of the five additional EDMDassociated lamin A mutants examined, R527P caused a significant reduction in the interaction with SUN1 (p ϭ 0.007), similar to that of L530P (Fig. 6, C and D) . In contrast, in an average of three experiments, W520S appeared to result in a modest increase in binding (p ϭ 0.011).
When we examined a range of progeria-associated mutations, we found that, in addition to G608G, T623S also disrupted the lamin A-SUN1/2 interaction significantly (p ϭ 0.00003; Fig. 6, E and F) . Thus, perturbation of A, shown is a schematic representation of Myc-tagged SUN1 deletion mutants and SUN1-integrin ␤1 fusions used in this study. NE localization and resistance to Triton X-100 pre-extraction are summarized on the right. B-D, NIH 3T3 cells seeded onto duplicate coverslips were transiently transfected with each of the Myc-tagged SUN1 deletion constructs (B and C) or SUN1-integrin ␤1 fusions (D and E). The cells were incubated for a further 30 h, then coverslips were either directly fixed with methanol (B and D, Ϫ) or pre-extracted for 5 min on ice with 0.5% Triton X-100 before methanol fixation (C and E; ϩ). Transfected proteins were detected using anti-Myc antibodies. In B and C, co-staining with anti-lamin A/C antibodies confirmed resistance of nuclear lamina to detergent extraction (lower panels). FL, full-length. Scale bars, 10 m.
SUN-lamin A interactions by either increasing or decreasing
the strength of binding may specifically play a role in the pathophysiology of both EDMD and HGPS but not those other laminopathies examined.
In a similar manner we used in vitro pulldown assays to investigate whether mutations in emerin, which are associated with the Xlinked form of EDMD, affect its interaction with SUN1. In this case, of the seven mutants examined, one (1-169 (208) ) caused a significant reduction in the interaction with SUN1 ((p ϭ 0.036; Fig. 6, G and H) . Although P183T showed an apparent reduction in its interaction with SUN1, the result was not statistically significant.
SUN1 Expression at the Nuclear Envelope Is Increased in HGPS Skin Fibroblasts Overexpressing Prelamin A-To determine whether disruption of lamin A-SUN protein
interactions leads to mislocalization of SUN1 or SUN2 from the NE, we used our human SUN1 and SUN2 antibodies in immunofluorescence microscopy analysis of skin fibroblast cell lines obtained from EDMD and progeria patients carrying a range of mutations in LMNA.
Unfortunately, cell lines from patients carrying the R527P and L530P EDMD mutations, which we found to disrupt interaction with lamin A, were not available. However, as shown in Fig. 7A , there was no apparent defect in localization of SUN1 to the NE in cell lines from patients carrying other LMNA mutations, indicating that mislocalization of SUN proteins is not a common feature of LMNA-linked EDMD. Similar results were obtained for SUN2 (data not shown).
Interestingly, however, there was a noticeable variability in expression of SUN1 at the NE in cells from HGPS patients carrying the G608G and T623S mutations (Fig. 7B ) that was not observed in control and partial lipodystrophy (R482W) cells. In contrast, SUN2 staining was uniform throughout (data not shown). Crisp et al. (3) have shown that SUN1 binds more strongly to prelamin A than to mature lamin A; therefore, a potential explanation is that the higher levels of wild-type pre-lamin A expressed by a proportion of HGPS cells (32) lead to increased SUN1 recruitment to the NE. To test this possibility, we co-stained G608Gcarrying HGPS cells with SUN1 and pre-lamin A antibodies A, human foreskin fibroblasts (Control) and skin fibroblasts from an X-linked EDMD patient carrying a c.329 -388del mutation (Emerin-null) were fixed in methanol, and immunofluorescence microscopy was performed using rabbit emerin (44) , goat lamin A/C (6215), hSUN1 (2379), and hSUN2 (2853) antibodies, as indicated. Note the complete absence of emerin in the patient cell line. B, NIH 3T3 cells were transfected with siRNAs against human lamin A/C (Control), SUN1, and/or SUN2, as indicated. Protein extracts were prepared after 48 h and immunoblotted with mouse SUN1 and SUN2 antibodies. ␤-Actin immunoblotting shows equal loading of samples. U, untransfected. C, NIH 3T3 cells seeded onto coverslips were transfected with a control (human lamin A/C) siRNA (a and b), a combination of siRNAs targeting mouse SUN1 and SUN2 (c-f), or a mouse lamin A/C siRNA (g and h) and fixed in methanol after 48 h. In a-f cells were co-stained with combined rabbit anti-mouse SUN1 and SUN2 antibodies (left panels) and sheep emerin antibodies (right panels). In cells co-depleted for SUN1 and SUN2, emerin remains concentrated at the NE. The arrow and arrowhead highlight two nuclei where SUN1 and SUN2 are depleted or present, respectively, yet emerin staining at the NE remains equally bright in both cells. In g and h cells were co-stained with goat anti-lamin A/C antibodies (left panel) and rabbit anti-emerin (44) antibodies (right panel). Arrows highlight examples of cells depleted for lamin A/C where emerin redistributes to the cytoplasm. In contrast, in cells with lamin A/C expression, emerin remains concentrated at the NE (arrowhead). Scale bars, 10 m. and indeed found that SUN1 staining was more intense in cells expressing more pre-lamin A (Fig. 7C) . In contrast, SUN2 staining was unchanged in cells expressing high or low levels of pre-lamin A (Fig. 7D) . The results were quantified by measuring the fluorescence intensity of pre-lamin A together with SUN1 or SUN2 in 1000 cells, which confirmed a strong positive correlation between pre-lamin A and SUN1, but not SUN2, intensities (Fig. 7, E and F) . Immunoblotting confirmed increased pre-lamin A expression in HGPS fibroblasts carrying the G608G mutation. In contrast, total SUN1 and SUN2 levels were not increased but, rather, were decreased compared with control cells (Fig. 7G ). Together, these findings suggest that increased recruitment of SUN1 to the nuclear envelope as a result of tight interaction with the accumulated pre-lamin A, contributes to the abnormalities in NE morphology and mechanical properties of HGPS cells.
DISCUSSION
Multiprotein Complexes Involving SUN Proteins at the Inner Nuclear
Membrane-We have identified novel interactions between the nucleoplasmic N-terminal domains of SUN1/SUN2 and the equivalent nucleoplasmic domains of both emerin and short nesprin-2 isoforms. Although emerin and some nesprin-2 isoforms have been shown to localize at least partially to the ONM (3, 20, 45, 46) , with their N termini exposed to the cytoplasm, several groups have demonstrated that the SUN1 NTD is absent from the outer face of the NE (3-5), and we have now shown that this is also the case for SUN2. Thus, the interactions that we have identified here are highly likely to be occurring at the nucleoplasmic face of the NE. This creates an unusual situation where different domains of a single INM protein family (SUN1 and SUN2) are involved in anchoring different isoforms of the same protein (nesprin-2) on opposing faces of the NE (Fig. 8 ). This may also explain the finding that multiple nesprin-2 isoforms, including those presumed to be located at the INM, are mislocalized from the NE in cells lacking SUN proteins (5, 49) .
We found that the SUN1 binding sites for emerin and nesprin-2 map to the same region, within residues 209 -302, at the distal end of the SUN1 NTD, whereas lamin A binds to a distinct site at the proximal end of the SUN1 NTD involving residues 1-138. It is currently not clear whether emerin and nesprin-2 are able to bind simultaneously to the same SUN1 molecule or whether there is competition for binding to the same site. However, because lamin A, emerin, and short nesprin isoforms are all reported to interact with each other (19, 20, 50) , it seems likely that, together with SUN proteins, they form a tight complex at the INM involving direct interactions between members of all four protein families. Given the forces exerted on the NE by the surrounding cytoskeleton in particular, this extensive network of interactions is likely to be critical for maintaining nuclear integrity and for hardwiring the nucleoskeleton and cytoskeleton.
Various studies have investigated how loss of individual proteins impacts on the NE localization of other components of this complex. Although carried out in several different systems, the findings indicate that lamin A/C is a core component as its absence causes mislocalization of emerin, various nesprin isoforms, and SUN2, although not SUN1 (3, 4, 20, 46, 47) . SUN1 and SUN2 have redundant roles in anchoring nesprins at the NE, whereby depletion of both proteins is necessary for nesprin mislocalization. In contrast, lamin A/C remains exclusively localized at the NE in the absence of SUN1 and SUN2 (3, 14) . Here, we have added to the picture by demonstrating in RNAi knockdown experiments that emerin is not dependent on SUN1 and SUN2 for NE localization in NIH 3T3 cells. Equally, in fibroblasts from emerin-null EDMD patients, SUN1 and SUN2 are not displaced. This confirms findings obtained using cells from a female X-EDMD carrier where SUN1 and SUN2 remained at the NE in those cells that lacked emerin (45) . Thus, the emerin-SUN interaction is not the critical factor in retaining either of these proteins at NE.
Does SUN1 Have Additional Binding Partners?-Importantly, the finding that SUN1 can localize to the NE in lamin A/C knock-out cells, where all other known components of the complex are mislocalized, suggests that SUN1 has completely independent means of NE anchoring. Using a range of deletion mutants, we further examined NE targeting of SUN1 and found that residues 1-208, including the lamin A binding site, are not required for NE localization of SUN1, yet fusion of just residues 1-229 of SUN1 to a heterologous transmembrane domain confers NE localization (by conferring entry to the ER and strengthening any weak NE targeting motif present). Furthermore, in pulldown experiments, we showed that residues 1-229 are not sufficient for strong interaction with emerin or nesprin-2. Together, these results strongly suggest that residues 209 -228 contain the main NE targeting motif of SUN1 and that this involves binding to a currently unidentified nuclear component to retain it at the NE. Studies in both yeast and mammalian cells indicate that SUN domain proteins interact with chromatin via their N termini, and so it is possible that the main anchor for SUN1 at the INM is a chromatin-associated protein or even DNA itself.
An alternative possibility is that residues 209 -228 are instead important for correct folding of the SUN1 N-terminal domain and that the binding site for the putative interactor lies outside this region. This could explain why the isolated SUN2 N-terminal domain, which lacks an equivalent sequence, was . Arrows in C illustrate that in cells with accumulation of pre-lamin A, SUN1 expression is correspondingly higher. In contrast, expression levels of SUN2 are not affected by accumulation of pre-lamin A (D). E and F, scatter plot of pre-lamin A versus SUN1 (E) or SUN2 (F) fluorescence intensity in ϳ1000 cells reveals a strong positive correlation between pre-lamin A and SUN1 intensities, whereas SUN2 intensity does not vary significantly and does not correlate with pre-lamin A intensity. This is highlighted by the gradient of the best-fit line. G, shown is an immunoblot analysis of total protein lysates from control (C) and G608G-carrying HGPS cells using lamin A/C, pre-lamin A, hSUN1 (2379), and hSUN2 (2853) antibodies. Scale bars, 10 m. unable to interact with emerin and nesprin-2 in GST pulldown assays and was prone to cleavage when removed from its natural context in the full-length protein.
Disruption of SUN Protein Interactions in Emery-Dreifuss Muscular Dystrophy-Because mutations in lamin A, emerin, and nesprins are associated with human disease, we were interested to determine whether mutations in these proteins disrupt interactions with or localization of SUN1 and SUN2. We found that a subset of EDMD-associated LMNA mutations, namely R527P and L530P, abolish interaction of lamin A with both SUN1 and SUN2. Interestingly, these two mutations have also been shown to disrupt interaction of lamin A with emerin (51), again lending support to the existence of a multiprotein complex. Although these two residues are located close together within the immunoglobulin-fold of the lamin A C terminus, several other EDMD-associated mutations occur within this domain (52, 53) and are equally predicted to disrupt folding of the domain, including W520S, which we found to have increased binding to SUN1 and SUN2. However, this does not rule out specific localized effects of the R527P and L530P mutations.
We also found that the emerin mutation 1-169(208), which is associated with the X-linked form of EDMD, caused a reduction in interaction with the SUN proteins. This mutation involves a frameshift at residue 169 that results in the addition of a novel transmembrane region immediately followed by a premature stop codon at residue 208 (54) . Interestingly, the same emerin mutation, which partially overlaps with the nesprin binding region in emerin, increases emerin binding to both nesprin-1␣ and nesprin-2␤ (55) . Although, the emerin mutation P183T decreased binding to the SUN proteins, it was not statistically significant. However, it is interesting to note that mutations at emerin residue Pro-183 frequently perturb emerin binding partner interactions, pointing toward the importance of this region of the protein (55) (56) (57) (58) . Emerin constructs used in these experiments with mutations upstream of residue Gln-133 bound normally to the SUN proteins. We can, thus, speculate that the binding site of SUN1/2 to emerin lies between residues 134 and 221. Furthermore, because SUN1/2 and emerin retention at the NE is mutually independent and the emerin NE targeting motif includes residues 117-170 (59) , which overlaps with the presumed SUN binding site, we can speculate that the SUN-emerin interaction only occurs once both proteins are at the NE.
We were unable to obtain cell lines from EDMD patients carrying mutations that perturb SUN protein interactions to determine whether they affected localization of SUN1 and SUN2 to the NE, but localization was not perturbed in cell lines carrying other EDMD-associated LMNA mutations. In keeping with our findings in emerin-null fibroblasts, this indicates that SUN protein mislocalization from the NE is not a common feature of EDMD. Nevertheless, weakening of the connections between components of the complex may have subtle yet significant effects on its overall strength and ability to resist mechanical strain, which is a favored model to explain how these mutations lead to muscle-specific phenotypes (60, 61) . This is supported by studies on fibroblasts from lamin A/C and emerin knock-out mice and cells with disruption of the LINC complex, which exhibit nuclear fragility, reduced mechanical strength, and impaired mechanotransduction and cell migration (12, 24 -26) . Furthermore, defects in emerin and SUN2 expression and localization to the NE have been observed in fibroblasts obtained from EDMD patients carrying mutations in nesprins (23) .
Increased Expression of SUN1 at the NE May Contribute to the HGPS Phenotype-We found that two HGPS-associated LMNA mutations, G608G and T623S, disrupt interaction of lamin A with SUN1 and SUN2. Both mutations generate cryptic splice sites that result in internal deletions of 50 and 35 residues, respectively, close to the C terminus of pre-lamin A (62, 63) , suggesting that these residues are required for binding of SUN 1 and SUN2 to lamin A. Unexpectedly, SUN1 expression at the NE appeared to be increased in a significant proportion of cells, whereas SUN2 expression was uniform. HGPS cells with the classical G608G mutation have been shown to FIGURE 8 . Schematic model depicting SUN protein interaction networks at the nuclear envelope. The C termini of SUN1 and SUN2, residing in the NE lumen, interact with the KASH domains of giant nesprin-1 and nesprin-2 isoforms located at the ONM to connect the nucleus with the actin cytoskeleton. Conversely, the N termini of SUN1 and SUN2 form part of a four-way interaction network with the nuclear lamina, emerin, and short nesprin-2 isoforms located on the nucleoplasmic face of the NE. SUN1, emerin, and lamins also interact with chromatin-associated proteins or DNA itself. These extensive connections link the nucleoskeleton and cytoskeleton and are likely to be critical in maintaining both nuclear and cellular integrity. Emerin is also found at the ONM where it may be involved in centrosome attachment to the NE. Interactions between emerin and giant nesprin isoforms at the ONM cannot be ruled out.
accumulate wild-type pre-lamin A by an unknown mechanism, and expression correlates with the severity of nuclear deformation (32) . SUN1 has been reported to interact considerably more strongly with pre-lamin A than with mature lamin A, whereas SUN2 interacts relatively weakly with both (3). Indeed, quantification of fluorescence intensity in HGPS cells costained with pre-lamin A and either SUN1 or SUN2 demonstrated a striking correlation between pre-lamin A and SUN1 nuclear intensities. In contrast, SUN2 staining did not vary significantly and did not correlate with levels of pre-lamin A. In support of this, Crisp et al. (3) found that a SUN1 deletion mutant encompassing residues 1-220 was recruited to the NE upon overexpression of pre-lamin A. These findings suggest that the increased pre-lamin A expression seen in HGPS cells leads to enhanced recruitment of SUN1 to the NE, due to their strong interaction.
Surprisingly, we found that total expression levels of both SUN1 and SUN2 were reduced in HGPS cells compared with the control. This could be due to the G608G lamin A deletion mutant (LA⌬50) abolishing the interaction with SUN1 and SUN2, which may lead to a reduction in the efficiency of their recruitment to the NE and an enhancement of their degradation. However, the overexpression of pre-lamin A in a proportion of HGPS cells may compensate for the reduced interaction of SUN1 with LA⌬50, resulting in a relative increase of SUN1 NE recruitment in this population of cells.
It is interesting to note that classical HGPS cells are reported to have increased nuclear stiffness (64) , which may be due to the reduced ability of the LA⌬50 mutant to fit into the lamina structure leading to loss of elasticity (65) . Our findings indicate that a further explanation may be the increased recruitment of SUN1 to the NE in cells overexpressing pre-lamin A, strengthening links both to the nuclear lamina and, via the LINC complex, to the cytoskeleton. In apparent conflict with this, Kandert et al. (66) found that nesprin-2 giant expression is significantly reduced in HGPS cells with aberrant nuclear morphology (a phenotype that correlates with increased pre-lamin A expression). Further studies will be required to confirm whether increased NE expression of SUN1 directly contributes to the defects in nuclear morphology and mechanical properties in HGPS.
